Tumor Necrosis Factor alpha (TNFα) is an inflammatory cytokine that plays a central role in the pathogenesis of chronic inflammatory disease. Here we describe the chemical synthesis of L-TNFα along with the mirror-image D-protein for use as a phage display target. The synthetic strategy utilized native chemical ligation and desulfurization to unite three peptide segments, followed by oxidative folding to assemble the 52 kDa homotrimeric protein. This synthesis represents the foundational step for discovering an inhibitory D-peptide with the potential to improve current anti-TNFα therapeutic strategies.
Introduction
Tumor Necrosis Factor alpha (TNFα) is an inflammatory cytokine released by immune cells in response to injury or infection. 1 Following its release, TNFα serves as a master regulator of the inflammatory response, influencing the release of additional cytokines such as IL-6, IL-8, and GM-CSF. [2] [3] [4] Improper regulation of TNFα production and release is a major contributing factor to chronic inflammatory disease. 2, 5, 6 Sequestration of extracellular TNFα with antibodies (e.g., infliximab, adalimumab, golimumab, and certolizumab pegol) or the receptor fusion protein etanercept has revolutionized the treatment of these diseases. However, use of these injectable biologic drugs is not without risks and challenges. Of particular concern, they cause systemic immunosuppression, which leaves patients vulnerable to opportunistic infections. 7 Current anti-TNFα biologics are also immunogenic, 8 which can reduce efficacy and require transitioning to another treatment.
An alternative anti-TNFα agent that overcomes these issues has been a major goal of the drug discovery community for many years. The major challenge towards achieving this goal is that TNFα interacts with TNF receptors over a broad surface devoid of well-defined, targetable hydrophobic pockets. With a few exceptions, [9] [10] [11] [12] almost all known small molecule antagonists are indirect inhibitors, targeting TNFα production and/or release, or downstream signaling cascades. 13, 14 Direct inhibitors of TNFα have been developed both by structurally mimicking a natural TNFα binding partner (TNFR1) 15 or by peptide phage display. 16, 17 Unfortunately, peptides comprised of natural L-amino acids are typically rapidly degraded and cleared from the body. These poor pharmacokinetic properties are a substantial barrier to clinical use.
On the other hand, D-peptides (comprised solely of D-amino acids and achiral glycine) are inherently resistant to proteolysis by natural enzymes. 18 Additionally, Dpeptides exhibit reduced immunogenicity as they are not processed for MHC antigen presentation. 19 However, the discovery of inhibitory D-peptides represents a considerable challenge compared to their L-counterparts. Inhibitory D-peptides are discovered by utilizing the symmetry relationship between L-and D-peptides. 20 In mirrorimage phage display, randomized genetically encoded L-peptide libraries are screened against a mirror-image target protein (chemically synthesized from D-amino acids). The highest affinity phage clone sequences are then synthesized as D-peptides, and by the law of symmetry, these D-peptides will possess the same binding interaction with the natural L-target as the L-peptide with the mirror-image (D-) target. This technique has been successfully used to discover D-peptide inhibitors of HIV, [21] [22] [23] the p53-MDM2 complex, 24 and VEGF. 25, 26 However, with the exception of VEGF (a covalent homodimer of 102 aa subunits 27 ), the requirement for chemical synthesis of the D-target has limited the application of this technology to relatively small protein targets (<100 residues). 28 The clinical importance of anti-TNFα therapies for treating chronic inflammation, combined with the potential to reduce drug-related side effects, makes TNFα an ideal target for mirror-image phage display. In this report, we first describe the chemical synthesis and biological evaluation of natural L-TNFα. Using the same strategy, we then assembled and validated the mirror-image D-protein for use as a mirror-image phage display target.
Results and discussion
We initiated our work by identifying the shortest sequence of TNFα that was capable of proper folding and interaction with TNF receptors. Initially expressed as a membrane-bound homotrimer, TNFα is cleaved by TNFα converting enzyme, releasing a soluble 52 kDa homotrimer. 3 Both soluble TNFα and membrane-anchored TNFα bind the two distinct TNF receptors (TNFR1 and TNFR2), and they are structurally equivalent with regard to their receptor-binding interface. Therefore, the 52 kDa soluble domain (77-233) was chosen as our mirror-image phage display target.
In order to access a mirror-image phage display target of this size (157 residues per monomer), we developed a synthetic strategy that utilized sequential native chemical ligation reactions to assemble the protein from three segments. Native chemical ligation (NCL) 29 is a robust method for uniting peptide segments produced by either Fmoc or Boc solid-phase peptide synthesis (SPPS) and has enabled the chemical synthesis of numerous proteins, [30] [31] [32] [33] [34] [35] [36] [37] even as large as 312 residues. 38 For this project, we used Fmoc SPPS to synthesize individual peptide segments on TentaGel® R RAM resin to generate C-terminal amides and 2-chlorotrityl hydrazine resin to generate C-terminal hydrazides. Peptide hydrazides were chosen because they provide a convenient, Fmoc-compatible method for generating a C-terminal thioester suitable for NCL (via the chemoselective oxidation of a C-terminal hydrazide followed by thiolysis with MPAA). 39, 40 To divide soluble TNFα into manageable segments for SPPS, we first identified cysteine residues that could be used for NCL. TNFα contains two natural cysteines, located at residues 145 and 177 ( Fig. 1A) . Unfortunately, using Cys 177 would require ligation to a proline thioester, which is known to be a poor ligation junction because of slow ligation kinetics 41, 42 and intramolecular cyclization to form a C-terminal diketopiperazine. 43 In spite of these challenges, successful proline ligations have been demonstrated by employing bis(2-sulfanylethyl)amido (SEA) thioesters at elevated temperature. 44 Therefore, we first attempted to utilize these two cysteines in our synthetic strategy. Unfortunately, the C-terminal segment required for the proline ligation strategy demonstrated poor solubility, further complicating the intermolecular reaction. Additionally, both segments 177-233 and the ligated product 145-233 demonstrated similar HPLC retention properties and considerable peak tailing, preventing efficient isolation of the ligated product from an excess of 177-233.
To circumvent these problems, we redesigned our retrosynthetic strategy, shifting the ligation junction to A185. Here, position 185 is originally introduced as Cys and then desulfurized 45, 46 after ligation to produce the native sequence. Using Cys145 and Ala185 as ligation junctions allowed the protein to be divided into three segments of 68, 40, and 49 residues that could be assembled using highly reactive glycine thioesters ( Fig. 1B ). 42 Acetamidomethyl (Acm) thioethers 47 were used for orthogonal protection of the two native cysteine residues during the desulfurization step. 48 Execution of this strategy began with the solid-phase synthesis and RP-HPLC purification of each segment. Using optimized synthesis conditions, the N-terminal and middle segments could be obtained in excellent purity following HPLC purification (see supplementary information). However, the C-terminal segment was highly prone to aspartimide formation (Fig. 2 ). 49 Poor solubility in any solvents other than highly denaturing 6 M guanidine hydrochloride (GuHCl) buffers prevented adequate removal of the aspartimide impurity by RP-HPLC. We explored adding a C-terminal solubilizing poly-lysine tag, 50 which improved solubility and facilitated HPLC purification. Unfortunately, removal of the auxiliary following assembly of the full-length sequence proved to be problematic, requiring exposure to strong base (1 M NaOH) for several hours. Strategies involving combining the C-terminal and middle segment during SPPS, or splitting the C-terminal segment were also explored with limited success. Ultimately, the most effective solution was to directly suppress aspartimide formation during SPPS. Addition of 0.1 M Oxyma Pure to the Fmoc deprotection solution 51 effectively prevented aspartimide formation, providing a sufficiently pure C-terminal segment that did not require additional HPLC purification (Fig. 2) .
At this point, protein assembly ( Fig. 1B) was conducted in the C to N direction by first ligating the crude C-terminal segment (185-233) to the middle segment (145-184). This ligated product demonstrated improved handling properties compared to the Cterminal segment alone, allowing for high resolution HPLC purification using a Phenomenex C4 Jupiter column (5 µm, 10 × 250 mm) at 50°C. Following desulfurization of the non-native cysteine residue at position 185 and HPLC purification, the Acm groups were cleaved to reveal the native cysteine residues at 145 and 177. Finally, ligation with the N-terminal segment (77-144) provided our target sequence in a total of four steps with an overall yield of ~2% (see supplemental information for yields at every step).
For synthesis of the D-protein, a biotin-PEG2 tag was incorporated on the Nterminus to enable immobilization on streptavidin-coated beads (for future application in mirror-image phage display). N-terminal biotinylation was selected due to the distal location from the receptor-binding interface and because other N-terminal tags have been well tolerated without impacting TNFα trimerization or biological activity. 52 After assembling the linear sequence, the next challenge was developing disulfide oxidation and folding conditions to produce the native trimer. The refolding of guanidine-denatured TNFα has previously been described, 53 but, to the best of our knowledge, there are no reported protocols for refolding fully reduced and denatured TNFα. Our initial attempts to refold a reduced recombinant sample by dialysis from a 6 M GuHCl buffer to non-denaturing aqueous buffers failed to produce any properly folded
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Organic & Biomolecular Chemistry Accepted Manuscript material. Successful folding of reduced and denatured TNFα was ultimately accomplished by first forming the disulfide bond under denaturing conditions (6 M GuHCl, 50 mM phosphate pH 8, and 2% DMSO as an oxidant) at <100 µM protein concentrations. Disulfide bond formation was monitored by a shift in HPLC retention (Fig. 3A , folding of biotin-D-TNFα), as well as a shift in the relative population of MS ion charge states (Fig. 3B ) and a 2 Da shift in the deconvoluted mass (Fig. 3B) . The oxidation was complete within 4 h, at which time folding was initiated by stepwise dialysis into 2 M and 0.5 M GuHCl (in 50 mM phosphate, pH 8) and finally into 50 mM ammonium bicarbonate. After dialysis, the properly folded trimeric protein was isolated by size exclusion chromatography (SEC) in 50 mM ammonium bicarbonate, pH 8. After folding and final SEC purification, approximately 10% of the synthetic material could be recovered. This low recovery is largely due to the poor efficiency of the folding step, which results in ~30% recovery (starting from reduced and denatured recombinant TNFα). Further optimization of this folding procedure is likely possible, but these yields are adequate for phage display, which requires <50 µg of target protein. To evaluate our synthetic proteins, we first compared the L-enantiomer to recombinantly produced TNFα. Both synthetic and recombinant L-TNFα have identical HPLC retention times (Fig. 4A) , and the synthetic protein has the expected molecular Organic & Biomolecular Chemistry Accepted Manuscript weight ( Fig. 4B and 4C ). Both elute as ~50 kDa trimers by SEC ( Fig. 4D ) and show similar circular dichroism (CD) spectra (Fig. 4E) . As a final validation, we tested our synthetic product in an L929 cell viability assay. In the presence of actinomycin D, murine L929 fibroblast cells are highly susceptible to TNFα-induced cytotoxicity. 54, 55 In this assay, the chemically synthesized TNFα meets the expected level of activity (ED 50 < 0.1 ng/mL) and is as potent as recombinant TNF-α (Fig. 5) . The mirror-image D-TNFα is not capable of interacting with natural L-TNFR, preventing its biological validation. However, the D-protein has the expected mass ( Fig. 3B ) and elutes as a trimer by SEC (Fig. 4D) . Furthermore, the biotin-D-TNFα had a matching, but inverse, CD spectrum compared to the synthetic and recombinant L-proteins (Fig. 4E ). 
Conclusions
The overall goal of this project is to develop a D-peptide inhibitor of TNFα, an inflammatory cytokine involved in the pathogenesis of several chronic inflammatory diseases. 2 Here we report the formative step towards achieving this goal, the chemical synthesis and biophysical validation of D-TNFα. A challenge encountered in this synthesis was the inability to use the native cysteine 177 in a ligation reaction with a proline thioester. Failure of this reaction required repositioning the ligation junction to alanine 185, which resulted in two additional handling steps, desulfurization and Acm cleavage. Through our optimized synthetic route, we produced a sufficient quantity (~300 µg) of the natural L-enantiomer to confirm proper folding by SEC and CD and demonstrate biological activity in a cell viability assay. Finally, we synthesized a biotinylated version of D-TNFα, which was validated by HPLC, MS, SEC, and CD, and is suitable for use as a mirror-image phage display target.
The next phase of this project will be to employ the D-TNFα generated here to discover inhibitory D-peptides by mirror-image phage display. D-peptide TNFα inhibitors have the potential to overcome some of the challenges associated with existing anti-TNFα biologics and improve the quality of life for individuals with a chronic inflammatory disease. A particularly promising application of such inhibitors would be their use as an oral treatment for inflammatory bowel disease (IBD). In IBD, misrecognition of luminal material by the immune system leads to elevated levels of TNFα in the gut mucosa. 56 Oral administration of a non-degradable, non-absorbable D-peptide could provide local suppression of TNFα at sites of gut inflammation and avoid the toxicities associated with systemic TNFα blockade. Such an approach has already been shown to be effective in a mouse IBD model using very high doses of a bovine anti-TNFα antibody. 57 A Dpeptide could provide a smaller and lower cost solution, with the potential for better gut tissue penetration and lower dosing. Also, the low immunogenicity of D-peptides could enable less toxic intermittent systemic dosing to treat acute flare-ups (not recommended with current agents due to increased risk of an anti-drug immune response), 8 allowing the immune system to recover while the disease is in remission. In addition to current indications, a D-peptide could also open new possibilities for anti-TNF therapy, such as short-term or localized therapy (e.g., to treat acute inflammation resulting from traumatic brain or lung injury). Broad application of the techniques described here will also facilitate the use of mirror-image drug discovery for larger protein targets.
